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1 .  INTRODUCTION 


Although  many  features  of  the  spectra  of  rare-earth  Impurity  ions  in 
solids  are  successfully  described  by  crystal-field  theory,  there  is  poor 
agreement  between  crystal-field  parameters  determined  from  optical 
spectra  and  those  calculated  from  the  basic  properties  of  the  crystal 
host  and  the  rare-earth  impurity  ion  Attempts  have  been  made  to 
explain  rare-earth  ion  spectra  by  considering  overlap  and  exchange  with 
ligand  ions  but  additional  work  will  be  necessary  before  this 
approach  can  be  properly  evaluated.  To  provide  information  that  may 
prove  useful  for  obtaining  an  improved  description  of  rare-earth  ion 
spectra  in  solids,  we  have  investigated  the  optical  spectra  of  trivalent 
ytterbium  (Yb3+)  in  nine  isomorphic  crystals  with  scheelite  structure • 
In  this  report,  the  experimental  part  of  this  investigation  is 
presented.  An  analysis  of  the  results  from  the  point  of  view  of 
crystal-field  theory  is  given  in  an  accompanying  report. ® 


Scheelite  is  a  family  of  tetragonal  crystals  belonging  to  the  space 
6 

group  C4h(I4j/a).  The  scheelites  that  we  have  used  in  this  study  were 
cadmium  molybdate  (CdMo04),  calcium  tungstate  (CaW04),  calcium  molybdate 
(CaMoC>4),  strontium  tungstate  (SrW04),  strontivm  molybdate  (SrMo04),  lead 
tungstate  (PbW04),  lead  molybdate  (PbMo04),  barium  tungstate  (BaW04), 
and  lithium  yttrium  fluoride  (LiYF4).  Hie  lattice  parameters6"9  for 


lH.  J.  Pan  Vleck,  J.  Phys.  Chea.  Solids,  27_  (1966),  1047. 

2M.  M.  Ellis  and  D .  J.  Newman,  J.  Chem .  Phys.,  47_  (1967),  1986. 

3S.  5.  Bishton,  M.  M.  Ellis,  D.  J.  Newman,  and  J.  Smith,  J.  Chem. 
Phys.,  47_  (1967),  4133. 

**/?.  E.  Watson  and  A.  J.  Freeman,  Phys.  Rev.,  156  (1967),  251. 

5E.  a.  Brown,  Optical  Spectra  of  Yb^+  in  Crystals  with  Scheelite 
Structure,  XX.  Crystal  Field  Calculations  and  a  Phenomenological 
Crystal  Field  Model,  Harry  Diamond  Laboratories  HDL-TR-1934  (September 
1980). 

6tf.  E.  Swanson,  N.  T.  Gilfrich,  and  M.  I.  Cooke,  National  Bureau  of 
Standards  Circular  539,  6_  (1956). 

7H.  E.  Swanson,  N.  T.  Gilfrich,  and  M.  I.  Cooke,  National  Bureau  of 
Standards  Circular  539,  7_  (1957). 

®A.  Zalkin  and  D.  H.  Templeton,  J.  Chem.  Phys.,  40_  (1964),  5 01. 

9J.  Leciejewicz,  Z.  Kristallogr .,  121  (1965),  158. 


these  crystals  are  listed  in  table  1.  These  scheelites  have  four 
molecular  units  in  a  unit  cell.  In  the  tungstates  and  the  molybdates/ 
the  divalent  cations  are  coordinated  with  eight  oxygens/  each  of  which 
is  a  member  of  a  (W04)2”  or  (Mo04)2”  complex.  Yb3+  ions  substituted  in 
an  undistorted  divalent  cation  site  are  optically  and  magnetically 
equivalent  and  have  point  symmetry.  In  the  LiYF4,  the  Yb3+  ions 
replace  the  trivalent  yttrium  (Y3  +  )  ions  and  coordinate  with  eight 
fluorines  that  are  members  of  the  (LiF4)3“  complex.  Point  symmetries 
are  the  same  as  in  the  other  scheelites. 


TABLE  1. 

LATTICE  PARAMETERS 

or  scheelitk  crystals 

Crystal 

c  axil 

(X) 

a  axis 

CM 

CdMo04« 

11.194 

5. 1554 

CaW04t 

11.376(3) 

5.243(2) 

caMDOt** 

11.43 

5.226 

Sr  WCH** 

11.951 

5.4168 

SrMoO** 

12.020 

5.3944 

PbWOv* 

12.046 

5.4616 

PbM30t»* 

12. 1065(39) 

5.4312(16) 

BaW04* 

12.720 

5.6134 

UYP4§ 

10.733(2) 

5.1668(3) 

♦Values 

from  H.  E.  Swanson , 

,  N.  T.  Gilfrich, 

and  M.  I .  Cooke ,  National  Bureau  of  Standards 
Circular  S39,  6  (1956);  7  (1957;. 

+ Values  from  A.  Zalkin  and  D.  H .  Templeton , 

J.  Chem.  Phys.,  40_  (1964),  501. 

*Values  from  J.  Leciejeuicz,  Z.  Kristallogr . , 

121  (1965),  158. 

§ Values  from  J .  S .  King,  University  of  Nichigan, 
private  communication . 


The  optical  spectrum  of  Yb3+  in  CaWO^  has  been  investigated  by 
Pappalardo  and  Wood10  and  by  Jones.11  Their  results  can  be  described  by 
reference  to  the  energy  level  diagram  of  the  4f13,  2F  states  of  Yb3+ 


10R.  Pappalardo  and  D.  L.  Wood,  J.  Mol.  Spectrosc.,  JLO_  (1963),  81 
1 1G.  R.  Jones,  J.  Chem.  Phys.,  47  (1967),  4347. 


shown  in  figure  1  •  The  2F  state  is  split  approximately  10/ 000  cm'^  by 
the  spin-orbit  interaction;  the  crystal-field  interaction  causes  a 
further  splitting  in  the  crystal  of  about  500  cm“*  for  the  multi- 

plet  and  about  400  cm“*  for  the  2F^y2  multiplet.  Pappalardo  and  Wood 
observed  energies  and  polarization  of  the  absorption  transitions  A, 1 B, 
and  C  and  the  fluorescence  transitions  0,  E,  F,  and  G  at  low  tempera¬ 
tures  .  They  noted  that  considerable  structure  or  satellites  were 
associated  with  each  absorption  transition* 


Figure  1.  Energy  levels  of  4f13,  2F 
states  of  Yb3+  free  ion  and  ion  in 
S4  crystal  field.  (The  irreducible 
representations  indicated  were 
determined  for  Yb3+  in  the  scheelites 
considered  in  this  work.  An  interchange 
of  the  representations  shown  for 
energy  levels  E3  and  E 4  is  allowed  by 
the  experimental  data.) 


FREE  S4  CRYSTAL  FIELD 

ION 


The  absorption  spectra  of  a  number  of  samples  grown  with  sodium  (Na) 
for  charge  compensation  were  examined  by  Jones.  He  found  that  only  the 
satellites  with  energies  below  those  of  the  A  transition  were  absent  in 
compensated  crystals.  Jones  determined  the  irreducible'  representations 
of  the  states  (in  the  notation  of  Koster  et  al12)  to  be  as  shown  in 

12G.  F.  Koster,  J.  o.  Dimaock,  R.  G.  Wheeler,  and  H.  Statz, 
Properties  of  the  Thirty-Two  Point  Groups,  Massachusetts  Institute  of 
Technology  Press,  Cambridge,  MA  (1963). 


figure  1.  He  calculated  least- squares- fit  crystal-field  parameters  for 
*b3  +  in  CaWO^.  Jones  attributed  the  remaining  structure  in  the  spectra 
to  vibronic  components  of  the  A  transition. 


However,  Kiel  and  Crane1 3  have  raised  objections  both  to  this 
explanation  and  to  one  concerning  the  proximity  of  the  Yb3+  ions  to 
compensation  ions  or  vacancies.  They  argue  that  both  identifications 
are  inconsistent  with  the  observed  polarization  of  the  spectra  and  also 
with  the  results  of  their  microwave-optical  double  resonance 
experiments • 


In  this  work,  we  reexamine  the  spectrum  of  Yb3  +  in  CaW04,  with 
particular  attention  to  the  fluorescence  spectrum  since  details  on  this 
spectrum  were  not  published  by  Pappalardo  and  Wood. 

The  electron-paramagnetic-resonance  spectrum  also  has  been  investi¬ 
gated  for  Yb3+  in  the  scheelites  considered  here.1**'15  From  these 
studies,  it  was  concluded  that  the  Yb3+  ions  are  located  predominantly 
in  tetragonal  sites  with  Si,  point  symmetry  and,  except  for  barium 
tungstate  (BaW04),  their  ground  states  are  unambiguously  r5  g.  We  have 
obtained  the  optical  absorption,  fluorescence,  and  Zeeman  spectra  of  the 
same  crystals  used  for  electron  paramagnetic  resonance  (EPR)  measure¬ 
ments,  as  well  as  others  with  higher  concentration  of  Yb3+.  In  section 
2,  the  procedure  used  to  obtain  these  spectra  is  described,  and  the 
character  of  the  spectra  is  compared  with  that  obtained  for 
CaWQ*  :Yb3  +  .  In  section  3,  the  polarization  of  the  spectra  and  electric 
dipole  selection  rules  are  used  to  determine  the  irreducible  represen¬ 
tation  of  the  states.  Selection  rules  for  vibronic  transitions  are 
obtained  and  used  in  a  discussion  of  possible  causes  for  the  structure 
observed  in  the  spectra. 

13A.  Kiel  and  G.  R.  Crane,  J.  chem.  Phys.,  48_  (1968),  3751. 

14y.  Ranon  and  V.  Volterra,  Phys.  Rev.,  134  (1964),  A1483. 

i5J.  P.  Sattler  and  J.  Nemarich,  Phys.  Rev.  B,  1  (1970),  4249. 


2.  EXPERIMENTAL  PROCEDURE  AND  MEASUREMENTS 


2.1  Crystals 

Samples  used  In  this  work  were  single  crystals  grown  from 
oriented  seeds  by  the  Czochralski  method  at  this  laboratory, 16  with  the 
exception  of  the  LiYF^  samples.*  For  the  tungstates  and  the  molybdates, 
the  melt  composition  consisted  of  the  scheelite  powder  (crystal  grade) 
Yb203  (99.9  percent),  and  for  the  charge  compensation,  sodium  tungstate 
( NaW04 )  or  sodium  molybdate  (NaMoO^)  as  appropriate  (99.99  percent). 
Crystal  composition  was  based  on  melt  composition  and  was  estimated  by 
the  distribution  coefficients  of  Nassau  and  Loiacano.17  The  concen¬ 
trations  of  ytterbium  in  the  melts  ranged  from  0.05  atomic  percent  to 
several  percent.  Most  of  the  crystals  were  clear  and  free  from  optical 
imperfections,  but  some  evidenced  strain  when  viewed  in  polarized 
light.  The  CdMoO^  and  some  of  the  CaMo04  samples  were  bluish  green,  the 
PbW04  and  PbMo04  crystals  had  a  yellowish  cast,  and  all  other  crystals 
were  colorless.  The  crystals  were  annealed  in  oxygen  at  temperatures 
between  1000  and  1300  C  for  24  hr. 

The  crystals  were  cut  and  polished  rectangular  parallelopipeds 
with  typical  dimensions  of  0.25  x  0.25  x  0.6  in.  (0.6  x  0.6  x  1.5  cm). 
The  crystal  c  axis  was  determined  by  x-ray  or  by  viewing  the  crystal  in 
polarized  light.  The  long  dimension  of  the  crystal  was  cut 
perpendicular  to  the  crystal  c  axis  so  that  a  (electric  vector,  E, 
perpendicular  to  the  c  axis)  and  ir  (E  parallel  to  the  c  axis)  spectra 
could  be  taken  without  remounting  the  crystal. 


16R.  M.  Curnutt,  Czochralski  Growth  of  Tungstate  and  Molybdate 
Scheelites,  Harry  Diamond  Laboratories  HDL-TM-70-8  (July  1970). 

17#C.  Nassau  and  G .  M .  Loiacano,  J.  Phys.  Chem .  Solids,  24_  (1963), 
1503. 

* Li YFj  samples  were  grown  by  A.  Linz,  Massachusetts  Institute  of 
Technology . 
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2.2  Apparatus 

The  majority  of  the  spectra  were  taken  by  mounting  the  samples 
in  a  cold-finger  type  of  cryostat  with  quartz  windows  and  by  using  both 
liquid  helium  and  liquid  nitrogen  as  coolants.  The  actual  sample  tem¬ 
perature  was  measured  by  using  a  germanium  resistor.  The  temperatures 
obtained  were  26  K  by  using  liquid  helium  and  84  K  by  using  liquid 
nitrogen.  To  obtain  measurements  at  still  lower  temperatures,  an  im¬ 
mersion  dewar  was  used  with  liquid  helium.  Hie  liquid  surface  was 
pumped  to  reduce  the  temperature  below  the  helium  lambda  point  and  thus 
eliminate  bubbling.  The  temperature  for  these  measurements  was  1.9  K. 

Most  of  the  measurements  were  made  with  a  Jarrell  Ash  1-m  Ebert 

monochrometer.  Its  grating  was  blazed  at  1  pm  in  first  order,  and  the 

signal  was  detected  by  a  cooled  RCA  7102  photomultiplier.  For  some 
measurements,  a  Cary  14  scanning  spectrophotometer  was  used. 

The  wavelengths  of  the  spectral  lines  were  determined  by 
superimposing  known  reference  lines  from  a  small  xenon  gas  discharge 

lamp.  In  addition  to  this  determination,  evenly  spaced  pulses  were 
superimposed  on  the  recorder  output  by  an  optical  encoder  mounted 
coaxially  on  the  drive  mechanism  of  the  spectrometer.  The  pulses  sub¬ 
divided  the  regions  between  the  reference  lines  and  enabled  a  determi¬ 
nation  of  the  wavelength  of  any  point  on  the  spectrum  to  an  accuracy  of 
o 

about  1  A,  well  within  the  actual  width  of  most  of  the  lines. 

Excitation  of  the  spectra  was  provided  mainly  by  tungsten- 

halogen  lamps,  although  some  of  the  fluorescence  measurements  were  taken 
by  using  a  mercury-xenon  arc.  Narrow  and  broad  band-pass  filters,  water 
and  neutral  density  filters,  and  polarizing  filters  were  used  to  reduce 
stray  light,  to  control  excess  heating  of  the  samples,  and  to  take  both 
excitation  and  polarized  spectra. 
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The  magnet  used  for  the  Zeeman  measurements  was  a  22- in.  (55.9- 
cm)  Varian  electromagnet  with  a  1.5-in.  (3.8-cm)  air  gap  and  a  maximum 
field  of  about  32  kG.  The  magnet  had  removable  axial  plugs,  which 
allowed  measurements  with  the  optical  path  to  be  parallel  and 
perpendicular  to  the  field. 


3.  ANALYSIS  OF  SPECTRA 


3.1  Spectra  of  CaWOu : Yb 

Hie  absorption  spectrum  of  CaWO^iYb  at  1.9  K  is  shown  in  figure 
2.  This  spectrum  was  obtained  by  using  a  crystal  prepared  with  0.1 
atomic  percent  Yb  and  1.5  atomic  percent  Na  (for  charge  compensation)  in 
the  melt.  The  spectrun  is  similar  to  that  reported  by  Jones11  for  a 
sample  prepared  with  an  eight-to-one  ratio  of  Na  to  Yb  in  the  melt.  Hie 
polarization  of  this  spectrum  was  in  agreement  with  the  results  by 
Jones . 

ENERGY  (CM-1) 

10.300  10.500  10.700 


Figure  2.  Absorption  spectrvm  of  CaWO^sO.1%  Yb  and  1.5%  Na  at  1.9  K. 


1 1G.  R.  Jones,  J.  Chem.  Phys.,  47  (1967),  4347. 
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Data  taken  with  a  polarizing  filter  in  two  positions  yielded 
a  o  spectrum  and  a  it  spectrum*  The  lines  labeled  A  and  B  are  a  and  r j 
the  C  group  is  pure  a.  An  axial  spectrum  was  found  to  be  identical  to 
the  o  spectrum,  thus  demonstrating  according  to  the  theory  of  Sayre, 
Sancier,  and  Freed18  that  the  transitions  are  primarily  electric  dipole. 

As  shown  in  figure  1,  three  absorption  transitions  are 
possible  from  the  ground  state  to  the  J  3  5/2  multiplet  for  Yb8+  in  a 
crystal  field  of  Si*  point  symmetry.  Since  the  ground  state  is  known  to 
be  from  EPR  measurements,1**  the  polarizations  of  the  transitions  to 
the  upper  states  may  be  determined  from  the  group  representations  of  the 


upper  states  and  the  electromagnetic  field.  Hie  selection  rules  for 
both  electric  and  magnetic  dipole  transitions  are  summarized  in  table  2. 

TABLE  2.  POLARIZATIONS  OP  ALLOWED  ELECTRIC  AND  MAGNETIC 

DIPOLE  RADIATIVE  TRANSITIONS  BETWEEN  STATES  WITH 
S4  IRREDUCIBLE  REPRESENTATIONS 


Note:  The  electric  vector  is  perpendicular  to  the 
crystal  c  axis  for  a  polarization  and  parallel  for  » 
polarization.  The  subscripts  e  and  m  denote  electric  and 
magnetic  dipole  transitions,  respectively. 

Since  each  of  the  two  broad  and  structured  groups  of  lines  (B 
and  C)  have  uniform  polarization  characteristics,  they  each  probably 
contain  an  a*  transition  from  the  ground  state,  and  the  sharp  A  line  is 
the  remaining  Si*  transition.  In  table  3,  the  energies  are  listed  for 

Ranon  and  V.  Volterra,  Phys.  Rev.,  134  (1964),  A1483. 

18S.  V.  Sayre,  K.  M.  Sancier,  and  S.  Freed,  J.  Chem.  Phys.,  23 


the  A  line  and  the  approximate  centroids  of  the  B  and  C  groups  of 
lines.  The  energies  are  quoted  in  units  of  inverse  centimeters  ( cm-1 ) 
in  vacuum,  whereas  the  values  quoted  by  Jones  are  in  cm"1  in  air.  The 
representations  of  the  upper  states  as  determined  by  Jones  from  the 
polarizations  are  shown  in  figure  1.  The  n  component  of  the  A  line  is 
believed  to  be  a  magnetic  dipole  transition.11'13 

3.1.2  Concentration  Effects 


The  spectrum  of  CaW04:Yb  grown  with  concentrations  of  0.5  and 
1.0  atomic  percent  ytterbiun  with  sodium  for  charge  compensation  in  a 
ratio  of  four  to  one  to  ytterbium  was  examined.  On  the  low  energy  side 
of  the  A  line,  five  or  six  small,  well-defined  lines  appeared  as  the 
concentration  was  raised.  These  and  other  concentration  dependent  lines 
were  due  probably  to  Yb3+  ions  near  charge  compensating  impurities, 
vacancies,  or  other  charge  defects,  the  number  of  which  is  expected  to 
increase  as  the  ytterbium  concentration  is  increased.  These  lines  were 
in  agreement  with  lines  found  by  Jones  in  the  same  region.  The  slight 
shoulder  on  the  low  energy  side  of  the  A  line  came  up  with  concentra¬ 
tion.  This  low  energy  satellite  structure  on  the  A  line  was  present  in 
all  the  crystals  studied  when  the  ytterbium  concentration  was  suffi¬ 
ciently  high.  The  structure  on  the  B  transition  group  of  lines  grew 
relative  to  the  center  line  of  the  group  with  increasing  ytterbium 
concentration,  but  the  very  sharp  lines  on  the  high  energy  side  did 
not.  The  low  intensity  structure  between  the  B  and  C  groups  also 
maintained  a  fairly  constant  amplitude  with  respect  to  the  B  line  as  the 
ytterbium  concentration  was  increased.  The  lines  of  the  C  group  showed 
a  profound  change  with  ytterbium  concentration.  Ttae  satellites  on  both 
sides  of  the  central  peak  grew  between  50  and  100  percent  with  increas¬ 
ing  ytterbium  concentration. 


1 1G.  R.  Jones,  J.  Chem.  Phys.,  47_  (1967),  4347. 

13A.  Kiel  and  G.  R.  Crane,  J.  Chem.  Phys.,  48_  (1968),  3751 


The  only  additional  concentration  dependent  features  of  the 

o 

spectrum  were  a  few  weak  diffuse  lines  at  about  9100  A.  We  believe  that 
the  lines  are  not  related  to  the  Si*  spectrum  since  the  analysis 
presented  in  the  accompanying  report®  shows  them  to  be  inconsistent  with 
this  spectrum. 

The  fluorescence  spectrum  of  CaWO^:Yb  at  1.9  K  is  shown  in 
figure  3.  The  same  crystal  was  used  as  for  the  spectrua  of  figure  2. 
The  D  line  corresponds  to  the  A  line  observed  in  absorption.  The 
energies  of  the  indicated  approximate  centroids  of  the  three  broad  and 
structured  groups  of  lines  E,  F,  and  G  are  given  in  table  3.  The  lines 
designated  D' ,  E* ,  F'  ,  and  G*  refer  to  transitions  from  level  E6  to 
levels  E},  E2#  £3,  and  £4  in  figure  1.  All  of  the  lines  were  observed 
in  both  0  and  x  polarization.  The  E  group  (plus  and  minus  about  100 
cm-1  from  the  indicated  centroid)  was  considerably  stronger  in  x  than  in 
0.  The  other  lines  were  stronger  in  a.  To  reduce  the  effects  of 
depolarization  of  the  fluorescence  due  to  scattering,  a  sample  was 
coated  completely  with  aquadag  (a  suspension  of  graphite  in  ethanol) , 
except  for  a  small  space  through  which  to  excite  the  crystal  and  another 
space  on  a  perpendicular  face  to  allow  the  emission  to  exit  to  the 
spectrometer.  This  coating  reduced  the  a  component  of  the  E  line  with 
the  E,  F,  and  G  lines  all  having  approximately  equal  intensity  in  0. 
The  x  components  of  both  the  F  and  G  lines  also  were  sharply  reduced 
with  intensities  about  5  percent  or  less  of  the  x  component  of  the  E 
line.  Undoubtedly,  some  depolarization  effects  were  still  present,  and 
it  was  not  possible  to  unambiguously  determine  whether  either  of  the 
remaining  x  components  of  the  F  and  G  lines  was  spurious. 

SE.  A.  Brown,  Optical  Spectra  of  Yb*+  in  Crystals  with  Scheelite 
Structure,  XX.  Crystal  Field  Calculations  and  a  Phenomenological 
Crystal  Field  Model,  Harry  Diamond  Laboratories  HDL-TR-1934  (September 
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Figure  3.  Fluorescence  spectrum  of  CaWO^:0.1%  Yb  and  1.5%  Na  at  1.9  K. 

The  effect  of  concentration  on  the  fluorescence  spectra  of 
CaW04 : Yb  was  measured  in  the  samples  described  above.  Unlike  the 
absorption  spectra,  there  is  very  little  change  of  the  relative 
intensities  of  fluorescence  lines  with  increasing  concentration.  The  E, 
F,  and  G  groups  are  almost  identical  for  all  three  samples  examined. 
The  D  line  does  decrease  with  increasing  concentration,  but  this 
decrease  can  be  explained  as  due  to  self-absorption. 

To  investigate  the  origin  of  the  fluorescence  lines  in  more 

detail,  excitation  spectra  were  run  on  the  CaWO4:0.1%  Yb  sample  by  using 

an  extremely  narrow  band-pass  interference  filter.  The  filter’s 

o  o 

transmission  was  a  spike  17  A  wide  at  9740  A  with  zero  transmission  to 
o 

7500  A  on  the  high  energy  side  and  1.2  vm  on  the  low  side.  To  obtain 
high-side  blocking  through  the  ultraviolet,  a  Corning  7-57  infrared- 
pass-visible-block  filter  was  used  with  the  band-pass  filter.  The 
combination  was  tunable  from  9740  to  about  8000  A  by  changing  its 
angular  orientation  with  respect  to  the  exciting  source.  This 
arrangement  enabled  pumping  of  any  single  feature  of  the  absorption 
spectrum.  The  spectrum  shown  in  figure  3  was  obtained  regardless  of 
which  part  of  the  absorption  spectrum  was  pumped,  including  the  regions 
between  the  main  absorption  lines  and  beyond  the  C  line.  Moreover,  the 
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fluorescence  spectrum,  which  might  be  expected  to  bear  some  relation  to 
the  portion  of  the  absorption  spectrum  being  excited,  proved  to  be 
relatively  independent  of  the  A,  B,  and  C  lines.  The  intensity  showed 
only  a  small  increase  when  the  region  between  the  B  and  C  lines  was 
excited. 


The  small  increase  was  explained  partially  by  looking  at  an 
absorption  curve  that  was  taken  on  the  Cary  14  spectrophotometer,  a  low 
resolution  instrument  capable  of  a  wide  wavelength  range.  Hie  three 
absorption  lines  A,  B,  and  C  were  situated  on  top  of  continuum  that 
extended  from  the  A  line  to  beyond  the  C  line  and  peaked  in  between  the 
B  and  C  lines.  Evidently,  this  continuum  is  strongly  coupled  to  the  A, 
B,  and  C  lines  so  that  the  same  fluorescence  spectra  are  produced 
regardless  of  where  the  system  is  pumped.  The  intensity  follows  that  of 
the  continuum  more  closely  than  that  of  the  absorption  lines.  The 
origin  of  the  continuum  has  not  been  investigated,  but  has  been 
conjectured  to  be  the  result  of  a  superposition  of  spectra  arising  from 
Yb3+  in  various  lower  symmetry  sites.  That  it  is  related  to  the 
ytterbium  is  fairly  certain  since  it  occurs  in  the  same  region  as  the 
ytterbium  absorption  lines  and  there  are  no  other  features  anywhere  else 
on  the  absorption  spectrum  from  the  ultraviolet  absorption  edge  to  the 
infrared  absorption  edge.  It  is  possible  that  this  effect  is  due  to  the 
relatively  high  (1-percent)  concentration  of  Yb3+  in  the  sample. 
Selective  excitation  of  a  lower  concentration  sample  was  attempted,  but 
the  fluorescence  was  too  weak  to  give  definitive  results. 

3.1.3  Temperature  Effects 


Along  with  polarization  and  concentration,  the  effect  of 
temperature  was  studied.  At  26  K  the  spectral  lines  broadened  somewhat, 
and  at  84  and  300  K  some  low,  broad  absorption  lines  on  the  low  energy 
side  of  the  A  line  were  observed  that  were  not  present  at  lower 
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temperatures.  Some  of  these  are  identified  as  transitions  from  the 
first  excited  state  of  the  J  =  7/2  multiplet.  This  state  is  about  200 
cm-1  above  the  ground  state  and  has  a  Boltzmann  population  ranging  from 
2  percent  (for  CdMo04)  to  10  percent  (for  BaW04)  of  the  total  at  84  K. 
The  lines  designated  as  A*  and  B'  in  table  3  were  identified  from 
spectra  taken  at  84  K  and  refer  to  transitions  from  level  Bz  to  levels 
Es  and  Eg  of  figure  1 .  The  results  are  consistent  with  those  obtained 
from  fluorescence.  In  some  cases,  the  D' ,  E' ,  F* ,  and  G'  lines  listed 
in  table  3  also  grew  in  intensity  at  84  K. 


At  84  K  the  fluorescence  spectrum  was  poorly  resolved,  and  at 
300  K  it  was  unresolved.  Measurements  were  made  also  at  26  K,  but  the 
results  were  nearly  identical  to  those  at  1.9  K. 


No  significant  temperature  dependencies  were  observed  for  the 
energies  of  the  different  spectral  absorption  or  fluorescence  lines. 
Broadening  of  the  lines  appeared  to  be  the  major  effect  of  increasing 
the  temperature. 


The  representations  of  the  lower  lying  states  of  Yb3  +  in 
CaW04  and  those  shown  in  figure  1  were  determined  by  Jones11  from 
crystal-field  calculations  based  on  the  absorption  spectra  and  the 
reported  fluorescence  line  wavelengths  by  Pappalardo  and  Wood.10  This 
identification  is  consistent  with  the  results  obtained  here.  However, 
since  both  the  F  and  G  transitions  were  present  in  the  ir  spectrum,  the 
reverse  assignment  with  the  E3  level  being  a  r7  g  and  the  Ei»  level  being 
a  r5  6  is  not  precluded  by  the  experimental  data.  In  the  accompanying 
report,5  it  is  shown  that  the  assignment  given  by  Jones  is  in  better 
agreement  with  crystal-field  calculations. 

5E.  A.  Brown,  Optical  Spectra  of  Yb3+  in  Crystals  with  Scheelite 
Structure,  II.  Crystal  Field  Calculations  and  a  Phenomenological 
Crystal  Field  Model,  Harry  Diamond  Laboratories  HDL-TR-1934  (September 
1980) . 

1  °R.  Pappalardo  and  D.  L.  Wood,  J.  Mol.  Spectrosc.,  10_  (1963),  81. 
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3.1.4  Zeeman  Effects 


The  absorption  and  fluorescence  spectra  were  examined  in 
magnetic  fields  up  to  32  kG.  It  was  found  that  only  the  A  line  could  be 
split  sufficiently  to  obtain  accurate  g  factors.  The  values  obtained 
with  the  magnetic  field  parallel  (g^ )  and  perpendicular  ( )  to  the  c 
axis  are  given  in  table  4.  The  g  factors  obtained  from  EPR  measurements 
of  the  ground  state  *  5  are  listed  for  reference.  The  g  factors  for  the 
E5  level  obtained  here  are  in  agreement  with  those  reported  by  Jones. 

The  axial  Zeeman  spectrum  was  examined  with  a  field  of  32  kG 
parallel  to  the  crystal  c  axis.  For  this  field  strength,  the  A 
transition  is  well  resolved  into  three  lines  in  the  a  spectrum,  but  only 
the  central  ox  line  appears  in  the  axial  spectrum.  The  result  clearly 
identifies  the  A  line  as  possessing  a  magnetic  dipole  component  in 

TABLE  4.  g  FACTORS  FOR  Yb3  +  IN  CRYSTALS  WITH  SCHEELITE  STRUCTURE 


Crystal 


Lowest  J  =  7/2  level* 
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Lowest  J  =  5/2  level 


9 


3.917 

± 

0.001 

-1.31 

t 

0.08 

1.44 

± 

0.11 

3.916 

± 

0.001 

-1.25 

t 

0.15 

1.54 

1 

0.50 

3.912 

± 

0.001 

-1.74 

± 

0.22 

1.44 

± 

0.11 

3.882 

t 

0.002 

-0.99 

1 

0.30 

1.37 

± 

0.13 

3.881 

t 

0.001 

<-0.51 

± 

0.25 

1.37 

1 

0.06 

3.886 

t 

0.001 

-1.13 

t 

0.07 

1.64 

t 

0.14 

3.883 

i 

0.001 

<-0.50 

± 

0.50 

1.52 

± 

0.13 

3.882 

t 

0.003 

-1.07 

* 

0.  12 

1.40 

t 

0.11 

3.918 

± 

0.003 

-1.48 

± 

0.07 

1.58 

t 

0.20 

1.2393  ±  0.0001 
1.0530  t  0.0001 
0.990  ±  0.0002 
0.597  ±  0.0003 
0.6131  ±  0.0002 
0.65127  i  0.00006 
0.6622  *  0.0001 
0.234  t  0.015 
1.3308  *  0.0008 


'Values  from  J.  P.  Sattler  and  J.  Nemanch ,  Phys.  Rev.  B,  1_  (1970)  ,  4249 
'J.  P.  Sattler  and  J.  Nemarich,  Phys.  Rev.  B,  (1970),  4249. 
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agreement  with  the  earlier  results  by  Jones*1  and  Kiel  and  Crane. *3 
Figure  4  shows  a  sample  of  the  Zeeman  data  recorded  for  CaWD^ :  Yb,  and 
figure  5  explains  the  level  splitting  scheme  for  the  HIc  case. 


nG.  R.  Jones,  J.  Chem.  Phys.,  47  (1967),  4347. 

l3A.  Kiel  and  G.  R.  Crane,  J.  Chem.  Phys.,  48  (1968),  3751 


3.2  Spectra  of  Yb^+  in  Other  Scheelites 

In  addition  to  CaW04:Yb  the  absorption,  fluorescence,  and 
Zeeman  spectra  were  obtained  for  Yb^+  in  eight  other  scheelites  as 
listed  in  table  1.  The  procedure  used  was  similar  to  that  described  for 
CaW04 : Yb .  Spectra  were  taken  of  samples  of  each  scheelite  with  concen¬ 
trations  of  ytterbium  ranging  from  0.05  atomic  percent  to  several  atomic 
percent  and  at  temperatures  ranging  from  1.9  to  300  K.  Representative 
results  obtained  for  scheelites  investigated  in  this  work  are  shown 
elsewhere. 

In  general,  the  absorption  and  fluorescence  spectra  were 
similar  to  those  obtained  from  CaWO^.  This  similarity  was  especially  so 
of  the  seven  other  tungstate  and  molybdate  scheelites.  The  main 
differences  from  sample  to  sample  aside  from  the  positions  of  the  S4 
transitions  as  shown  in  table  3  were  the  presence  or  the  absence  of 
additional  satellite  lines  on  the  seven  line  groups,  most  of  which 
varied  with  impurity  concentraton .  This  concentration  dependence  itself 
varied  from  one  crystal  to  another,  but  the  relative  intensities  of  the 
o  and  it  spectra  of  all  the  scheelites  were  similar  to  the  intensity 
observed  for  CaWO^iYb.  As  in  CaW04,  the  C  group  was  observed  only  in 
the  o  spectrum  for  all  crystals. 

Assignment  of  an  energy  for  the  S4  transition  was  difficult 
when  the  group  consisted  of  several  lines  of  comparable  intensity.  The 
designation  of  the  transition  in  the  figures  and  the  corresponding 
values  listed  in  table  3  are  meant  to  indicate  only  the  most  probable 
positions  of  the  S4  transition.  These  values  were  arrived  at  by 
considering  the  spectra  of  Yb^+  in  several  samples  of  each  scheelite  and 
also  the  relative  behavior  of  the  spectra  from  scheelite  to  scheelite. 


l9E.  A.  Brown,  Ph.D.  Dissertation,  New  York  University  (1970). 
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The  horizontal  lines  in  figures  2  and  3  above  certain  groups  show 
approximate  ranges  of  energies  in  which  the  S4  transition  could  be.  The 
corresponding  ranges  of  energies  for  those  crystals  not  included  in  the 
figures  were  similar  to  those  shown. 

All  eight  tungstate  and  molybdate  scheelites  were  of  the  form 

f 

A2+(X04)2-,  where  the  Yb3  +  substituted  for  the  divalent  cation,  causing 
a  charge  discrepancy  and  necessitating  compensation  by  Na+  ions.  The 
ninth  scheelite  investigated  had  the  chemical  structure  Y3+(LiF4) 3"",  in 
which  the  Yb3  +  ion  now  had  a  trivalent  symmetry  site  to  enter,  thus 
eliminating  the  need  for  charge  compensation  and  raising  the  expectation 
of  a  simpler,  "cleaner"  spectrum.  To  a  certain  extent,  this  was  indeed 
so.  The  A  line  was  exceedingly  sharp  and  narrow  (less  than  one-third 
the  width  of  the  A  line  in  CaW04)  and  had  no  satellites.  The  B  line 
also  was  narrow,  but  had  some  structure  similar  to  that  found  in  the 
other  crystals.  Both  A  and  B  were  air.  The  C  group,  again  found  to  be 
pure  a ,  consisted  of  one  sharp  spike  at  the  low  energy  end  and  some 
lower  intensity  structure  toward  the  higher  energies.  The  whole  group 
was  considerably  broader  than  the  C  groups  in  the  other  samples. 

The  fluorescence  spectrum  of  LiYF4  was  all  cnr ,  as  it  was  in  the 
other  scheelites.  The  D  line  was  narrow  with  no  structure;  the  F  and  G 
lines  were  diffuse  and  required  compression  of  the  time  scale  on  the 
chart  recorder  to  determine  their  locations.  The  E  line  was  the  most 
unusual  feature  of  this  spectrum.  It  was  composed  of  two  sharp,  well- 
separated  spikes.  Since  only  one  crystal  of  LiYF4:Yb3+  was  available, 
we  could  not  use  concentration  effects  to  aid  our  selection  of  the 
correct  line  for  the  E  transition.  Thus,  we  had  to  rely  solely  on  a 
computer  fit  (described  in  a  separate  report5),  which  indicated  the 
higher  energy  line  of  the  pair. 

5E.  A.  Brown,  Optical  Spectra  of  Yb3+  in  Crystals  with  Scheelite 
Structure,  II.  Crystal  Field  Calculations  and  a  Phenomenological 
Crystal  Field  Model,  Harry  Diamond  Laboratories  HDL-TR-1934  (September 
1980). 
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The  only  lines  sharp  enough  for  Zeeman  splitting  to  be  observed 


at  32  kG  were  the  A  lines  of  each  crystal  and  the  two  spikes  in  the  E 
group  of  the  LiYF4:Yb3+.  Based  on  these  measurements,  g  factors  were 
calculated  and  used  as  additional  data  in  the  computer  fitting 
program.  The  values  obtained  for  the  g  factors  of  the  lowest  level  in 
the  J  =  5/2  manifold  (level  E5  in  fig.  1)  are  listed  in  table  4  with  the 
ground  state  g  factors  for  each  of  the  nine  crystals.  The  g  factors  for 
level  Efc  of  LiYF4:Yb3+  obtained  from  splitting  the  E  group  in  the 
fluorescence  spectrum  are  g^  =  -0.87  ±  0.17  and  g^  =  3.66  ±  0.30. 


4.  DISCUSSION  OF  S4  TRANSITIONS 

From  table  3,  some  general  features  of  the  behavior  of  the  energies 
of  Yb3+  in  the  nine  scheelite  hosts  may  be  seen.  The  splitting  between 
the  centroids  of  the  J  =  7/2  and  J  *  5/2  manifolds  varies  little  from 
scheelite  to  scheelite.  The  average  value  of  the  splittings  is  10,160 
cm~l  with  a  root  mean  square  (rms)  deviation  of  less  than  3  cm-1.  The 
constant  value  observed  agrees  with  crystal-field  theory  if  the  small  J- 
mixing  by  the  crystal  field  is  neglected.  In  general,  the  overall 
splittings  of  the  J  =  5/2  and  J  =  7/2  manifolds  decrease  in  going  from 
the  scheelite  with  the  smallest  lattice  spacing  to  that  with  the  largest 
(table  1).  For  the  J  =  5/2  manifold,  the  splitting  is  a  maximum  for 
CdMoO^  (386  cm-M  and  a  minimum  for  LiYF4  (259  cm“M.  The  J  =  7/2 
manifold  has  the  largest  splitting  for  CdMo04  and  CaW04  (489  cm-1)  and 
the  smallest  for  PbMo04  and  BaW04  (406  and  408  cm~^ ,  respectively). 
These  splittings  agree  with  crystal-field  theory,  which  in  general 
predicts  a  decrease  in  the  splitting  of  a  J  manifold  with  increased 
lattice  spacing. 
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The  EPR  results  showed  that  the  irreducible  representations  of  the 
ground  state  of  Yb3+  in  seven  of  the  eight  tungstate  and  molybdate 
scheelite  hosts  are  the  same  (r5  g).  Since  the  absorption  transitions 
from  the  ground  states  of  these  crystals  all  have  the  same  polarization 
as  for  CaW04,  it  follows  that  the  representations  of  their  J  =  5/2 
states  also  are  the  same  (fig*  t). 

Since  the  EPR  results  could  not  definitely  assign  a  representation 
to  the  ground  state  of  Yb3  +  in  BaW04,  we  must  rely  on  other  arguments. 
As  in  all  the  other  crystals,  the  C  line  appears  only  in  the  o  spectrum 
of  BaWO^ : Yb,  indicating  that  the  ground  state  and  the  uppermost  state  of 
the  J  =  5/2  manifold  must  have  the  same  representation.  Because  of  the 
smooth  increase  in  the  separation  between  levels  E6  and  E7  with 
increasing  scheelite  lattice  spacing  and  the  general  similarity  of  the 
spectra  of  Yb  in  all  the  scheelites,  it  is  unlikely  that  these  two 
states  have  crossed  in  BaWO^.  The  ground  state  representation  is  rg  g 
as  in  the  other  scheelites,  and  the  ordering  of  the  representations  of 
the  J  =  5/2  states  is  as  in  the  other  scheelites.  Similarly,  the 
experimental  data  do  not  preclude  a  reverse  assignment  for  the 
representations  of  E3  and  Ei+ .  However,  the  representations  of  the  J  = 
7/2  states  are  probably  the  same  as  for  CaWO^. 

Nassau* 7  and  others  have  shown  that  many  of  the  satellite  lines  in 
the  spectra  of  rare-earth  ions  in  CaW04  are  absent  if  the  crystal  is 
grown  with  sodium.  Since  trivalent  rare-earth  ions  substitute  for 
divalent  calcium,  charge  compensating  defects  or  impurities  are  required 
to  preserve  overall  charge  neutrality.  A  lattice  charge  defect  near  a 
rare-earth  ion  lowers  the  S4  point  symmetry  at  the  ion  and  causes  line 
broadening  or  satellite  structure  in  the  spectra.  Monovalent  sodium 
substitutes  for  calcium  to  provide  charge  compensation  and  suppresses 

*  fK.  Nassau  and  G.  M.  Loiacano,  J.  Phys.  Chem  Solids,  24_  (1963), 
1503. 


defect  formation.  The  sodium  ion  apparently  is  sufficiently  remote  from 
the  rare-earth  ion  to  leave  it  on  an  undistorted  St,  site.  Evidence 
indicates  that  this  remoteness  is  the  case  for  rare-earth  ions  substi¬ 
tuted  in  other  tungstate  and  molybdate  scheelites.  In  CaWO^: Yb, 
however,  sodium  compensation  does  not  result  in  all  Yb3+  ions  being  in 
sites  with  Sk+  symmetry.  The  EPR  spectra  of  crystals  grown  with  varying 
amounts  of  sodium  show  that  the  relative  number  of  Yb3  +  ions  in  sites 
with  lower  symmetry  is  reduced  by  adding  sodium,  but  a  considerable 
fraction  remains  even  in  crystals  grown  with  a  large  excess  of 
sodium.20  Jones11  shows  that  the  optical  absorption  spectra  of  these 
crystals  is  simplified  somewhat  when  sodium  is  added,  but  that  the 
structures  in  the  B  and  C  groups  are  mostly  unchanged. 

In  this  work,  we  have  examined  the  spectrum  of  a  crystal  grown  with 
a  still  larger  melt  ratio  of  sodium  to  ytterbium  (  15  compared  with  a 
maximum  of  8  used  by  Jones)  and  find  no  differences  in  the  spectra. 
These  findings  suggest  the  possibility  of  a  correlation  between  at  least 
some  of  the  structures  observed  in  the  optical  spectra  and  the 
persistent  low  symmetry  lines  seen  in  the  EPR  spectra.  This  conclusion 
is  further  supported  by  the  dependence  of  the  spectra  of  CaWO^  on 
ytterbium  concentration.  Although  these  effects  may  be  caused  in  part 
by  a  broadening  of  all  spectral  lines,  they  may  be  due  also  to  a 
relative  increase  in  the  number  of  Yb3  +  in  sites  with  lower  than  S4 
symmetry.  The  number  of  these  ions  should  increase  proportionately  to 
some  higher-than-f irst  power  of  the  ytterbium  concentration  since  the 
number  of  charge  compensation  defects  is  also  a  function  of  the 
ytterbium  concentration. 


1 1 G.  R.  J ones,  J.  Chem.  Phys.,  47_  (1967),  4347. 

20J.  Nemarich  and  W.  Viehmann,  J.  Phys.  Chem.  Solids,  29_  (1968),  57. 
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The  effect  of  sodium  on 


was 


the  spectra  of  Yb3  +  in  other  scheelites 
not  investigated  to  any  appreciable  extent.  Most  of  the  crystals 
examined  were  grown  with  a  melt  ratio  of  sodium  to  ytterbium  of  four  to 
one.  Some  crystals  grown  with  a  lower  ratio  were  available,  and  the 
effect  was  similar  to  that  observed  for  CaWO^rYb. 

In  spite  of  the  above  results,  we  hesitate  to  attribute  all  the 
structures  in  the  spectra  to  ytterbium  ions  in  sites  with  low  symmetry 
until  an  explanation  is  found  for  the  polarization  of  the  spectra.  A 
feature  common  to  all  the  Yb3  +  spectra  observed  in  this  work  is  the  pure 
o  polarization  of  the  C  group.  This  purity  is  expected  for  a  transition 
of  an  ion  in  an  Si*  site,  but  not  for  a  transition  of  an  ion  in  a  site 
with  lower  than  S4  symmetry.  Thus,  if  low  symmetry  sites  are  the 
explanation  of  the  additional  structure  in  the  spectra,  the  apparent 
total  lack  of  any  it  component  among  the  additional  structures  of  the  C 
group  is  difficult  to  explain. 

The  examination  of  vibronic  transitions  as  a  possible  explanation 
for  some  of  the  extra  structures  on  the  spectra  recognized  that  such 
transitions  could  arise  from  three  different  mechanisms:  (1)  coupling 
of  an  electronic  transition  to  a  zero  momentum  vibrational  mode  (k  =  0) 
of  the  lattice,  (2)  coupling  to  a  k  /  0  mode,  and  (3)  coupling  to  a 
local  mode,  that  is,  a  vibrational  mode  of  one  of  the  heavier  impurity 
ions.  Unfortunately,  for  each  of  the  nine  crystals  examined,  the  only 
published  energies  available  are  for  k  *  0  modes  obtained  from  infrared 
and  Raman  investigations.  These  studies21-22  are  for  CaW04,  CaMoO^, 

21  J.  P.  Russell  and  R.  Loudon,  Proc.  Phys.  Soc,  (London),  85_  (1965), 
1025. 

22S.  P.  S.  Porto  and  J.  F.  Scott,  Phys.  Rev.,  157  (1967),  716. 

23J.  F.  Scott,  J.  Chem.  Phys.,  48_  (1968),  874. 

24A.  S.  Barker,  Jr.,  Phys.  Rev.,  135  (1964),  A742. 

25R.  K.  Khanna,  W.  s.  Br owe)  ,  B.  R.  Guscott,  and  E.  R.  Lippincott,  J. 
of  Research  of  the  National  Bureau  of  Standards,  72A  (1968),  81. 

26J.  F.  Scot t,  J.  Chem.  Phys.,  49_  (1968),  98. 

22S.  A.  Miller,  H.  E.  Rast,  and  H.  H.  Caspers,  J.  Chem.  Phys.,  _5 2_ 
(1970)  4172. 
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SrW04,  SrMo04,  PbW04,  PbMo04,  BaW04,  and  LiYF4*  Thus,  the 

identification  of  any  features  of  the  spectra  as  k  ^  0  vibronics  or 

vibronics  stemming  from  local  modes  was  not  possible. 

The  identification  of  k  =  0  vibronics  was  attempted  by  observing 
features  on  both  the  absorption  and  the  fluorescence  spectra  that  were 
higher  or  lower  in  energy  than  one  of  the  S4  electronic  transitions  by 
an  amount  of  energy  corresponding  to  a  k  -  0  lattice  mode.  Figure  6 
shows  the  absorption  and  fluorescence  spectra  for  CaWOt, :  1%  Yb  at  26  K. 
The  fluorescence  spectrum  has  been  reflected  about  the  D  line  and 
inverted.  This  ref lection/ inversion  scheme  allows  a  comparison  of 
differences  between  various  features  of  the  two  traces  based  on  the 
resonant  absorption-fluorescent  line,  A  and  D,  as  zero.  The  scale  at 
the  top  of  the  chart  indicates  the  k  =  0  vibrational  energies  laid  out 
starting  at  the  A-D  line.  A  similar  scale  could  have  been  laid  out  from 
each  of  the  other  S4  lines,  B,  C,  E,  F,  and  G.  The  indicated  dotted 

lines  connecting  points  on  the  two  traces  link  lines  of  equal  energy 

separation  from  the  A-D  line.  Those  features  of  either  spectrim  that 
match  a  k  «  0  mode  are  candidates  for  identification  as  a  vibronic 
transition.  Those  pairs  linked  by  the  dotted  lines  that  match  such  a 
mode  energy  are  even  stronger  candidates  by  virtue  of  appearing  to 
indicate  a  coupling  with  two  of  the  S4  transitions.  The  more  of  the 
seven  transitions  to  which  a  particular  lattice  mode  appears  to  have 
coupled,  the  stronger  the  case  for  the  interpretation  of  those 
particular  spectral  lines  as  vibronics. 

The  results  of  this  analysis  yielded  many  possible  k  =  0  vibronic 
transitions  within  the  spectral  structure.  In  fact,  in  a  number  of 
cases,  certain  k  =  0  lattice  modes  appear  to  have  coupled  to  as  many  as 
four  and  five  of  the  electronic  transitions  in  a  single  spectrum. 
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Figure  6.  Vibronic  structure  in  spectra  of  CaWO^tO. 1% 
Vb  and  1.5%  Na  at  26  K. 


in  addition  to  analyzing  the  energies  of  suspected  vibronic 
transitions,  selection  rules  were  calculated  and  polarization  of  the 
spectral  lines  was  considered.  The  details  of  the  selection  rule 
calculation  are  given  in  appendix  A.  Most  of  the  k  *  0  vibronic  lines 
are  predicted  to  be  an ,  with  a  few  as  pure  a .  However ,  in  the  region  of 
the  C  group,  no  it  components  are  observed.  An  answer  to  this  problem  is 
suggested  by  Jones.11  He  proposes  a  process  called  selective 
enhancement  of  the  a  components  of  vibronics  that  are  nearly  degenerate 
with  the  C  electronic  line.  Although  sufficient  data  are  not  available 
for  a  fully  quantitative  evaluation  of  the  matrix  elements  involved, 
some  qualitative  observations  can  explain  this  process.  The  second 
order  matrix  elements  which  contribute  to  a  vibronic  transition  coupled 
to  the  A  line  are 


^G.  R.  Jones,  J.  Che m.  Phys.,  47  (1967),  4347 
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Hie  third  order  matrix  elements  which  yield  a  vibronic  on  the  A  line 
in  the  vicinity  of  the  C  line  are 

<u An  1 1  v  I  V’OXV'0 1  V°dd  1  Unn°><V0  1  Pe  1  Uqn°> 

(•»  -  Ec)(Ec  -  \)  ' 
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(■a  -  Ec) (E,  -  E„)  '  <4> 

and 
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<?A  -  Ec)(E,  -  En) 

These  five  matrix  elements  are  illustrated  in  figure  7.  Hie  operators 
involved  in  these  equations  are  P£,  the  electric  dipole  operator;  V°dd, 
the  odd  crystal-field  operator;  and  v,  the  dynamic  part  of  the  crystal 
field.  Both  P£  and  V°dd  couple'  states  having  opposite  parity  and  the 
same  vibrational  mode;  v  couples  states  in  which  the  vibrational  mode 
changes  by  ±1  vibrational  quantum.  Hie  group  representation  of  V°dd,  as 
with  the  rest  of  the  Si*  crystal  field,  is  Tj.  Therefore,  since  |ucti0^ 
and  lUghQ^  are  r5j6,  in  equations  (3)  and  (4)  must  be  r5>6,  and 

P£  must  therefore  be  a  that  is,  a  oe  operator.  Hius,  equations 

(3)  and  (4)  are  c-like  transitions.  Equation  (5)  involves  v  and  may 
result  in  on  transitions.  Similarly,  equations  (1)  and  (2)  are  the 
vibronic  terms  derived  in  appendix  A  and  known  to  contain  oit 
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transitions.  Thus/  we  would  like  to  be  able  to  say  that  the  sum  of 
equations  (3)  and  (4)  is  very  much  greater  than  the  sum  of  equations 
(1),  (2),  and  (5),  greater  to  the  point  that  the  intensity  of  any  air 
line  wuld  be  orders  of  magnitude  less  than  nearby  a  lines.  The  matrix 
elements  equations  (3)  and  (4)  are  the  same  as  those  responsible  for  the 
electronic  C  transition,  which  has  a  large  transition  probability 
itself,  times  the  factor 


<yilvlyo> 
(ea  '  Ec) 


(6) 


If  the  A  vibronic  is  close  to  the  C  line,  the  denominator  (E#  -  Ec)  is 
very  small  and  the  multiplying  factor  equation  (6)  is  very  large.  Thus, 
equations  (3)  and  (4)  are  large  terms.  The  terms  equations  (1),  (2), 
and  (5)  are  all  related  to  the  A  electronic  transition,  which  has  a  much 
smaller  transition  probability  than  the  C  transition.  This  argument  is 
hardly  rigorous,  but  it  at  least  suggests  a  possible  explanation  for  the 
absence  of  any  it  component  in  the  C  group. 


Figure  7.  Energy  level  schemes  for  selective  enhancement 
of  vibronic  states. 
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5.  SUMMARY  AND  CONCLUSIONS 


In  this  experiment,  hundreds  of  spectra  were  recorded  of  Yb3  +  doped 
into  nine  different  scheelite  hosts  in  varying  concentrations.  This 
report  has  summarized  these  data.  The  seven  s,  electronic  transitions 
for  each  crystal  were  identified.  However,  the  spectra  were  rather 
complex,  and  thus  the  identification  of  the  a*  transitions  depended  on 
the  identification  of  the  rest  of  the  structure  as  well.  Tentative 
identifications  of  most  of  the  spectra  were  made.  Aside  from  the  three 
absorption  and  four  fluorescence  lines  from  the  lowest  J  =  7/2  and  J  = 
5/2  states,  respectively,  for  each  of  the  nine  crystal  hosts, 
transitions  from  higher  levels  in  each  multiplet  were  seen.  This 
identification  was  made  both  by  spectral  position  and  by  the  variation 
of  the  intensity  of  the  lines  with  change  in  temperature.  Other 
spurious  lines  on  the  spectra  were  identified  as  originating  from  Yb 
ions  in  low  symmetry  sites.  This  conclusion  was  based  on  the  dependence 
of  these  lines  with  dopant  concentration.  Finally,  many  lines  were 
identified  as  vibronic  transitions,  some  coupling  to  k  =  0  lattice  modes 
whose  energies  were  known  and  others  coupling  to  k  f  0  modes  whose 
energies  were  not  known,  but  that  appeared  to  couple  to  two  or  more  St, 
electronic  transitions.  The  possibility  of  coupling  to  local  modes  was 
acknowledged,  but  no  such  identifications  were  made. 

It  is  tempting  to  attribute  all  this  extra  structure  to  low  symmetry 
sites  and  vibronics,  especially  the  latter  since  nearly  complete  sets  of 
lattice  modes  are  found  coupled  to  the  A-D  line  within  the  regions  of 
the  spectral  traces,  that  is,  up  to  about  450  cm"* ,  as  well  as  a  number 
coupled  to  B,  E,  and  F  lines  and  even  some  possibly  coupled  to  the  D1 
line.  This  attribution  may,  in  fact,  be  too  convenient  an  explanation 
since  almost  all  the  structure  can  be  explained  away  as  a  vibronic  of 
some  sort  or  another.  However,  it  is  interesting  that  although  many 
possible  identifications  of  vibronic  transitions  are  made  for  the  first 


18  of  the  24  lattice  modes  of  scheelite,  not  a  single  line  was  seen  that 
would  correspond  to  a  coupling  with  the  6  highest  energy  modes,  most  of 
which  range  from  700  cm-1  to  925  cm-* .  Coupled  with  the  lack  of  any  of 
the  predicted  components  in  the  area  of  the  C  group,  this  lack  of 
correspondence  speaks  against  such  identification.  The  polarization 
problem  also  argues  against  the  identification  as  transitions  from  low 
symmetry  sites. 

On  the  other  hand,  both  of  these  problems  may  be  countered  by  the 
selective  enhancement  process  described  above.  Furthermore,  Kiel  and 
Crane1  ^  comment  that  it  can  be  shown  that  the  necessary  shifts  in  the 
optical  spectra  could  be  caused  by  changes  in  the  crystal  field  that 
would  produce  only  small  changes  in  the  state  functions.  Thus,  for  the 
C  group,  this  change  would  mean  that  only  a  small  ir  component  would  be 
added  to  the  a  and  probably  could  not  be  observed. 

In  summation,  the  author  believes  that  even  though  there  is  a  lack 
of  quantitative  data  concerning  vibronics  and  transitions  from  low 
symmetry  sites,  the  qualitative  evidence  is  of  such  magnitude  that  the 
possibility  of  such  phenomena  explaining  the  structure  of  the  subject 
spectra  cannot  be  ignored.  Furthermore,  the  failure  to  obey  the 
selection  rules  that  such  identifications  would  seem  to  demand  may  be 
explainable,  at  least  qualitatively,  by  selective  enhancement  of  the 
nearby  degenerate  lines . 


A.  Kiel  and  G.  R.  Crane,  J.  Chem.  Phys.,  48  (1968),  3751 
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APPENDIX  A. — CALCULATION  OF  THE  SELECTION  RULES  FOR  VIBRONIC  TRANSITIONS 

The  tentative  identification  of  some  of  the  spurious  lines  in  a 
spectrum  as  vibronic  transitions  required  an  investigation  of  their 
polarization  properties  with  the  attendant  calculation  of  their 
selection  rules.  Calculation  of  vibronic  selection  rules  is  a 
moderately  complex  procedure  that  must  be  carried  out  anew  for  each 
space  group  with  which  one  is  concerned.  To  provide  a  summarized 
reference  of  the  procedure  as  well  as  the  results  for  the  space  group  of 
the  scheelite  lattice,  the  calculation  is  reproduced  here.  It  is  based 
mainly  on  the  works  of  Satten,1  Smith  and  Sorokin,2  and  Cohen  and  Moos.3 


We  begin  by  considering  an  energy  level  scheme  (fig.  A-1)  showing 
two  electronic  levels  of  an  ion,  a  ground  state  and  the  nth  excited 
state.  The  vibrational  states  of  the  lattice  in  which  the  ion  is 
imbedded  are  superimposed  on  each  electronic  state,  indicating  the 
coupled  (vibronic)  states  of  the  ion-lattice  system.  Also  shown  are  two 
examples  of  vibronic  transitions.  The  transition  "A"  represents  an 
absorption  from  the  ground  state  consisting  of  the  lowest  electroriic 
state  of  the  ion  and  the  zero  phonon  state  of  the  lattice  to  the  nth 
excited  electronic  state  coupled  to  the  first  excited  vibrational 
state.  The  transition  "B"  is  a  similar  fluorescent  vibronic. 


1R.  A.  Satten ,  J.  Chem.  Phys.,  40_  (1964),  1200 . 

2W.  V.  Smith  and  P.  P.  Sorokin,  The  Laser,  McGraw-Hill  Book  Co.,  New 
York  (1966). 

3S.  Cohen  and  H.  V.  Moos,  Phys .  Rev.,  161  (1967),  258. 
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which  is  just  the  general  multipole  expansion  of  electrostatic  energy. 

*►  ^ 

Here,  locates  the  rth  ion  in  the  complex,  and  r_.  locates  the  j th 

electron  in  the  unfilled  shell  of  that  ion.  The  effective  charge  and 

the  dipole  moment  of  the  ith  ion  are  given  by  e^  and  p^,  respectively. 

The  difference  between  the  potential  energy,  Vc,  in  a  displaced  position 

and  in  the  equilibrium  position  is  the  vibronic  interaction.  It  is 

given  to  first  order  by  the  expression 


/v  “  v  \  =  l  Ax.  +  AY.  —  +  AZ.  V 

1  c,.  c  .,1  r  1  3X.  i  3Y.  i  3z.  |  c 

V  disp  equil<  l  \  l  l  l J 


(A-2) 


Since 


( j) 


*  »r*l 

_  _J _ 

3X.  3X . 

i  l 


L.  3x . 
3  3 


(A-3) 


we  have 


>e  =  -  l  (hX.  +  AY.  ~  +  AZ.  ~-\  v!  j 
. L  .  \  l  3x .  l  3y .  l  3z.  i 
i»3  \  3  3  3/ 


(A-4) 


The  relationship  between  the  displacements  and  the  normal  coordinates  is 


lxi  ‘  l  si,.A 

k 


(A-5) 


where  the  sum  is  over  the  normal  coordinates.  Putting  this  into  the 
expression  for 
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Hie  derivatives  in  the  expression  for  are  all  with  respect  to  the 

equilibrium  position  of  the  ions  in  the  complex.  This  expression  for,>? 
defines  operators  ,  which  represents  the  dynamic  part  of  the  crystal 
field  and  which  operates  only  on  the  ion  electronic  states,  and  Q^, 
which  operates  only  on  the  vibrational  (phonon)  states. 


The  desired  matrix  elements  are  those  that  connect,  for  example, 
E(g,0)  and  E(en,1)  in  figure  A-1.  The  wave  function  for  some 
generalized  excited  state  such  as  E(en,1)  may  be  written  as 


*e  *  |uenl(2r)>  "  l 


<unn0(Qr)H 


(En  "  Ee) 


'V°(Qr)> 


<y2(Qr)lH  yi(Qr)> 

(En  *  Ee) 


'V2(Qr) 


( A— 7 ) 


where  the  n's  are  the  three  lowest  energy  vibrational  wave  functions  of 
the  normal  mode  Q(r),  and  u@  and  un  are  pure  electronic  wave 
functions.  The  summation  is  over  all  electronic  states.  \pe  can  be 
interpreted  as  the  -ave  function  of  the  level  E(e.|,1)  with  two 
correction  terms  for  all  other  states  of  one  more  or  one  less  quantum  of 
vibrational  energy,  that  is,  E(en,0)  and  E(en,2),  which  are  mixed  into 
E(er  1)  by,*".  A  similar  expression  can  be  written  for  the  ground  state, 
E(g, 0 ) : 


E 


-W  >  - 1 x "  <i  -  j  v  r"  I V«  &)>  •  ,MI 

n  V.  n  g; 


Here,  there  is  only  one  correction  term  since  there  is  no  vibrational 
state  lower  than  E(g,0)  to  mix  in. 


To  form  the  matrix  elements  with  the  electric  dipole  operator,  we 
consider  a  general  component  of 


( A-9) 


of  the  form 


P 


E 


=  h(j’ 

j 


( A- 10 ) 


The  details  of  the  matrix  element  calculation  can  be  found 
elsewhere. 2 -i*  The  result  of  such  a  calculation  is 


2W.  V.  Smith  and  p.  P.  Sorokin,  The  Laser,  McGraw-Hill  Book  Co.,  New 
York  (1966). 

3E.  Cohen  and  H.  W.  Moos,  Phys.  Rev.,  161  (1967),  258. 

**E.  Cohen,  Ph.D.  Dissertation,  The  Johns  Hopkins  University  (1967). 
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( A-1 1 ) 


To  obtain  the  selection  rules  for  transitions  between  <|»e  and  the 
group  properties  of  ip-,  ip  ,  and  P  can  be  employed.  <p  consists  of  a 

e  g  t.  g 

ground  electronic  state  with  irreducible  representation  Ta  and  the 
ground  state  of  the  phonons,  which  transforms  like  the  identity.  Thus, 
I*  =  r  .  ip„  consists  of  the  excited  electronic  state  having  the 
representation  and  an  excited  phonon  state,  which  transforms  like  T, 
the  representation  of  the  phonon  site  group,  that  is,  the  symmetry  group 
of  the  point  in  the  Brillouin  zone  from  which  the  phonon  originates. 
Thus  r  =  T  x  r.  .  The  components  of  the  operator  transform 

as  I\  according  to  the  scheme  of  the  basis  functions  for  the  S4  single 
group.  For  electric  dipole  operator  with  felz,  that  is  ire,  I\  is  1*2 » 
for  Elz,  that  is,  oe,  IV  is  r3>4.  For  the  magnetic  dipole,  IV  is  T1 

for  om  and  r3  4  for  Thus,  the  following  selection  rule  is 

obtained.  For  a  matrix  element  formed  with  operator  P  that  transforms 
as  the  irreducible  representation  IV,  y =  0  unless  IV  is 

contained  in  the  product  Ta  x  r  x  rfe.  The  irreducible  representations 
of  the  electronic  states,  Ta  and  Tb,  are  shown  in  figure  1.  However, 
the  irreducible  representation  of  the  phonon  state  is  yet  to  be 

determined.  To  determine  it,  we  consider  the  space  group  properties  of 
the  scheelite  lattice,  which  is  a  tetragonal,  body-centered  system 
belonging  to  the  space  group  C^h(I4i/a).  It  is  necessary  to  express  T 
in  terms  of  the  irreducible  representations  of  the  rare-earth  point 
group,  S4 . 
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The  density  of  states  of  lattice  modes  is  given  by3'1* 


G(u»2) 


V 

o 


(2ir  )3r 


f  ds 

Ja(u2)  V^w2 


( A- 1 2 ) 


where  VQ  is  the  unit  cell  volume,  r  is  the  number  of  atoms  in  the  unit 
cell,  and  s(u>2)  is  the  surface  of  constant  <u2(k).  The  properties  of 
this  function  are  discussed  by  Weinrich5  and  by  Cohen.3'4  For  our 
purposes,  it  is  sufficient  to  note  that  there  are  maxima  in  G(a)2) 
whenever  V^to2  0,  which  condition  can  occur  at  a  point  of  high  symmetry 
in  the  Brillouin  zone,  that  is,  a  point  at  which  the  group 
for  It  contains  more  than  just  the  identity  operator.  Thus,  at  these 
points  there  is  a  clumping  of  a  large  number  of  modes  of  approximately 
the  same  energy  and  symmetry.  For  this  reason,  only  these  high  symmetry 
points  are  considered.  Figure  A-2  shows  the  Brillouin  zone  for  a 
tetragonal,  body-centered  lattice  with  the  high  symmetry  points 
indicated.  Only  k  =  0  phonons,  that  is,  those  originating  at  the  point 
T  in  the  Brillouin  zone,  have  had  their  energies  tabulated.  Thus,  this 
calculation  is  concerned  only  with  those  phonons.  The  entire 
calculation  for  all  the  high  symmetry  points  can  be  found  elsewhere.6 


3£.  Cohen  and  H.  W.  Moos,  Phys.  Rev,,  161  (1967),  258, 

**E.  Cohen,  Ph,D.  Dissertation,  The  Johns  Hopkins  University  (1967), 

5G.  Weinreich,  Solids:  Elementary  Theory  for  Advanced  Students,  John 
Wiley  and  Sons,  Inc.,  New  York  (1965),  73  ff. 

6£.  A.  Brown,  Ph.D.  Dissertation,  New  York  University  (1970). 
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kz 


Figure  A-2.  Brillouin  zone  for 
tetragonal,  body-centered  lattice. 


The  method  used  in  resolving  the  representation  of  the  phonon  site 
group,  T,  into  representations  in  S4  symmetry,  the  symmetry  of  the  rare- 
earth  site,  is  from  Satten.*  Basically,  this  method  involves 
considering  the  character  tables  for  the  site  group  of  each  high 
symmetry  point  in  the  Brillouin  zone,  observing  which  elements  the 
phonon  site  group  has  in  common  with  the  S4  point  group,  and  then 
decomposing  each  representation  in  each  phonon  site  group  into  a  sum  of 
S4  irreducible  representations.  The  character  tables  of  each  high 
symmetry  point  are  tabulated  by  Miller  and  Love.^  Table  A-1  is  the 
character  table  for  point  T. 

IR.  A.  Satten,  J.  Chem.  Phys.,  40_  (1964),  1200, 

I S.  C.  Miller  and  W,  F.  Love,  Irreducible  Representations  of  Space 
Groups,  Pruett  Press,  Boulder,  GO  (1967). 


APPENDIX  A 

TABLE  A-1.  CHARACTER  TABLES  FOR  HIGH  SYMMETRY  POINT  T  IN 
BRILLOUIN  ZONE  OF  SCHEELITE  (C®  ) 


We  begin  by  defining  the  "star"  of  the  vector  k  as  the  set  of  q 

distinct  vectors,  k^  =  Ojk,  i  =  1,  .  .  q,  into  which  k  is  transformed 

under  the  operations  of  the  crystal  point  group.  Since  the  space  group 

representation  includes  all  vectors  of  the  star  of  k  at  each  point  in 

the  Brillouin  zone,  it  is  necessary  to  multiply  the  characters  of  the 

site  group  at  each  point  in  the  Brillouin  zone  by  the  number  of  vectors 
-► 

in  the  star  of  k  for  that  point.  The  number  of  vectors  in  the  star 
+■ 

of  k  for  a  particular  point  is  equal  to  the  order  of  the  crystal  point 
group — in  this  case,  C4h — divided  by  the  order  of  the  site  point 
group.  The  order  of  a  group  is  given  by  the  number  of  elements  in  a 
group.  For  symmetry  point  T,  the  phonon  site  group  is  C4h  ,  which  has 
order  8.  There  is  one  vector  in  the  star  of  k  for  point  T.  To  obtain 

the  space  group  irreducible  representation  characters,  the  site  group 

character  table  (table  A-1)  is  multiplied  by  the  number  of  vectors  in 

the  star  of  the  respective  k.  These  results  are  listed  in  table  A-2. 

We  are  concerned  only  with  those  elements  that  are  common  to  the  rare- 
earth  ion  site  group,  S4  •  Each  representation  of  each  point  group  of 
the  k  vector  is  examined  to  see  how  it  can  be  reduced  into  a  linear 
combination  of  representations  of  its  S4  point  group. 
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6 

TABLE  A-2.  &*  COMPONENT  OF 

SPACE  GROUP  CHARACTER 
TABLE  (T  ONLY) 


As  an  example,  we  take  the  representation  T3 •  By  comparison  with 
the  S4  character  table,8  we  see  that,  as  an  example,  the  T 3  repre¬ 
sentation  of  the  T  point  of  the  Brillouin  zone  is  equivalent  to  a  r4 

representation  of  the  S4  point  group.  By  such  a  series  of  comparisons, 

6 

the  full  reduction  table  for  all  representations  of  the  C4h  space  group 

to  the  S4  point  group  can  be  obtained.  Although  only  the  T  point  is  of 

interest,  the  whole  reduction  table  is  given  for  reference  as  table 

A-3.  Now  it  is  possible  to  complete  the  determination  of  the  vibronic 

selection  rules.  The  irreducible  representation  of  the  phonon  state,  T, 

can  now  be  found  to  be  some  linear  combination  of  irreducible  1 

representations  of  S4. 


®G.  F.  Koster,  J.  0.  Dimnock,  R.  G.  Wheeler,  and  H.  Statz,  Properties 
of  the  Thirty-Two  Point  Groups,  Massachusetts  Institute  of  Technology 
Press,  Cambridge,  MA  (1963), 


4 


>6 


■  .  ... 


lHUMWiltM 


APPENDIX  A 


r5  x  rj  x  r6  *  r6  x  r4  *  r6 
-  r6  x  r5 


(A-14) 


This  indicates  an  allowed  vibronic  transition  by  the  operator  affl.  The 
vibronic  selection  rules  for  point  T  are  summarized  in  table  A-4. 


TABLE  A-4.  SELECTION  RULES  FOR  VIBRONIC  TRANSITIONS  COUPLING  k  »  0  NODES 
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